Abstract Adsorption-desorption behavior of ionic antibiotics in natural aquatic environment is complex, especially in coastal or estuary area where influencing factors such as pH and salinity usually varied in a wide range. In this study, batchtype and stirred flow chamber (SFC) experiments were carried out to simulate the sorption-desorption behavior of trimethoprim (TMP) in seawater-sediment system. Equilibrium and kinetic modeling were carried out to determine the rate and extent of TMP sorption on two marine sediments with different properties. Sediment BHB (K d , 6.40 L kg ), which is related to the higher content of organic carbon and clay of sediment BHB. Adsorption of TMP varied in the pH range of 6.9 to 8.1 with maximum adsorption at pH 7.4. Increasing salinity and presence of phosphate and nitrate led to decreased TMP sorption. Attenuated total reflection Fourier transform infrared (ATR-FTIR) analysis demonstrated the formation of hydrogen bond between TMP and marine sediments. Adsorption of TMP on marine sediments was a non-equilibrium process that can be described with second-order kinetic model. Our analysis suggested that chemical non-equilibrium was the rate controlling process and intraparticle diffusion was also involved in TMP adsorption. A moderate desorption percentage (16.4-22.8% for LZB and 32.5-42.0%for BHB) was observed. Overall, the results showed that environmental factors and time-dependent processes need to be considered in modeling the fate and transport of TMP in coastal/estuarine waters.
Introduction
Trimethoprim (TMP) is among the most important synthetic antibiotics with a wide antibacterial spectrum (Pentti et al. 1995) . In the late 1960s, TMP was usually used in combination with sulfamethoxazole because the combination of these two types of antibiotics (i.e., cotrimoxazole) was supposed to be synergistic in vitro (Bushby and Hitching 1968) . Since 1995, the use of cotrimoxazole was restricted in some countries because of the side effects of sulfamethoxazole, following the availability of TMP alone (Maddileti et al. 2015) . Due to the wide antibacterial spectrum and cheap prices, TMP was used extensively for medical, veterinary, and aquaculture purposes. However, after ingesting, a portion of residues would be excreted with feces and finally enter the rivers or seas (Lanzky and HallingSorensen 1997) . TMP has been widely detected in rivers (Xue et al. 2013) , river sediments (Luo et al. 2011) , and seawaters . Release of TMP to surface waters may lead to the severely adverse effects on aquatic organisms or human health. Earlier study reported that abundant bacteria were resistant to TMP (Holmstrom et al. 2003) . Le et al. (2005) in mud samples from aquaculture. More seriously, the resistant bacteria can remain stable in the aqueous environment for 5 or 10 years (Gao et al. 2012) .
Sorption-desorption process is a key determinant of the fate and transport of antibiotics in natural waters (Peng et al. 2015) . Therefore, knowledge on adsorption and desorption mechanisms of TMP is necessary to reveal its fate and transport in aquatic environment. Becki et al. (2006) reported that ion exchange was the main mechanism for TMP adsorption on montmorillonite. The same adsorption mechanism was found by Salihi and Mahramanlioglu (2014) in their study of TMP adsorption on bentonite. But Liu et al. (2015) suggested that electrostatic attraction, hydrogen bonding, surface complexation, and intraparticle (pores) diffusion may exist simultaneously between TMP molecules and activated carbon. Furthermore, studies reported that absorbent structure and environmental factors (e.g., pH and ionic strength) have great impacts on adsorption-desorption process of TMP (Zhang et al. 2014; Liu et al. 2015) . Thus, adsorptiondesorption behavior of ionic antibiotics in natural aquatic environment can be complex, especially in coastal or estuary area where influencing factors such as pH and salinity usually varied in a wide range. However, to our knowledge, there is scarce data that elucidate the adsorption/desorption behavior of TMP on marine sediments, and the impacts of absorbent structure and environmental factors such as pH, salinity, phosphate, and nitrate on TMP adsorption in a seawater-sediment system remain unknown. Further studies are warranted to clarify mechanisms and kinetics of TMP adsorptiondesorption on marine sediments under various environmental conditions.
The main objectives of this study were (1) to determine the extent of TMP sorption-desorption on marine sediments with different properties; (2) to study the impacts of pH, salinity, phosphate, and nitrate on adsorption of TMP and to reveal the reaction mechanisms; and (3) to investigate TMP sorption-desorption kinetics and to reveal the rate controlling processes using stirred flow chamber (SFC) experiment and kinetic models.
Materials and methods

Chemicals
TMP was purchased from Sigma (USA) and was of analytical grade. The physicochemical properties of TMP were shown in Table S1 . Seawater was filtered through 0.22-μm membranes and irradiated with ultraviolet light. TMP powder was dissolved in treated seawater (0.2 g L −1 of sodium azide (NaN 3 ) was added to prevent microbial activity) to prepare working solution. Ultrapure water (MQ) was obtained from a Milli-Q water purification system (Millipore, Billerica, MA, USA). The other reagents and solvents were analytical grade or higher.
Marine sediment samples
The marine sediment samples used in this paper were collected from Bohai Bay (BHB) and Laizhou Bay (LZB). The detail information of sediment samples was described previously (Li and Zhang 2016) . Briefly, the pH pzc value was 9.2 for sediment BHB, and 9.4 for sediment LZB, and sediment surface carries a small amount of positive charge because pH of sorption experiments (pH ≤8.1) was less than the pH pzc values; the total organic carbon (TOC) contents in sediment BHB and LZB were 0.48 and 0.15%, respectively. The particle size of sediment BHB was smaller than that of sediment LZB, and the clay fraction in sediment BHB and LZB were 30.7 and 8.5%, respectively.
Equilibrium sorption experiments
To initiate the equilibrium sorption experiments, 0.20 g of dry sediment was added into a series of 30-mL glass vials, followed by adding background solution. The TMP working solution was then added to make up the suspension volume of 10 mL in each glass vial. Final concentrations of TMP in the mixture were 0.5, 1, 5, 10, and 15 mg L −1
, respectively. The glass vials were kept in dark and shaken in a temperature-controlled shaking incubator (shaking speed was 190 rpm) at 25°C for 48 h. Our previous test showed that 48 h was enough for TMP reach adsorption equilibrium (Fig. S1 ). After equilibrium, the glass vials were centrifuged at 4000 rpm for 5 min, and then, the supernatant was filtered through a 0.22-μm syringe filter before analysis. Two blank sorption experiments, one with the reactor system containing TMP without sediment and another containing sediment without TMP, were carried out. The loss of TMP during sorption test was less than 3% and that no pollution of TMP was introduced by the marine sediment or background solution. All adsorption studies were conducted in triplicate.
The influences of environmental factors such as salinity, pH, and competing ions were investigated using batch-type experiments. Three different salinity seawaters (5, 13, 30‰) were prepared by diluting with ultrapure water. For the pH effect, pH values of reaction system were adjusted to 6.9 or 7.4 using sulfuric acid from the initial pH (8.1). Phosphate or nitrate were added to the background solution with a single concentration level of 20 mg L −1 to investigate the effects of these competing ions on TMP adsorption/desorption behavior.
Kinetic adsorption/desorption experiments SFC reactor was used to conduct the adsorption and desorption kinetics experiments. Briefly, the experimental equipment w a s c o m p o s e d o f a c o l u m n ( 6 c m 3 ) made of polytetrafluoroethylene (PTFE), a peristaltic pump, a magnetic stirrer, and a fraction collector (BS-100A, China). Two filters (0.45 μm in pore size) were fitted in the outlet port and the inlet port to keep the sediment inside the reactor. Of the sediment, 0.50 g was placed in the column with a magnetic stirring bar, then the background solution was pumped into the column to reach pre-equilibrium, and the flow rate was fixed in 0.5 mL min −1
. After pre-equilibrium (12 h), TMP solution with a concentration of 2, 5, and 10 mg L −1 was pumped, respectively, to start the adsorption kinetics experiment. Fraction collector was used to collect effluent sample at 5-min interval. Once 100 samples were collected, TMP solution was replaced by background solution to carry out the desorption experiment under a similar condition in accordance with the kinetic sorption experiment.
Detection of TMP
TMP was detected using high-performance liquid chromatography (Exformma 1600, USA) equipped with a UV detector set at 271 nm. Chromatographic separations were performed with a Waters SunFire C18 column (2.1 × 150 mm, 3.5-μm particles). The column temperature was 35°C. The flow rate was 0.3 mL min −1 and injection volume was 50 μL. Mobile phase A was acetonitrile and B was ultrapure water with 0.4% acetic acid (5:95, v/v). The detection limit of this method was 5 μg L −1 with blank seawater as background according to our pretests.
Attenuated total reflection Fourier transform infrared spectroscopy
TMP, original sediment samples, and sediments sorbed with TMP were analyzed using attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy (Nicolet iS10, Thermo Fisher, USA). TMP sorption samples were prepared following the procedure of batch sorption experiments at initial TMP concentration of 15 mg L −1
. The freeze-dried sediment sample was pressed onto the diamond crystal surface. A background spectrum of the crystal was collected and subtracted from the spectra of samples. Sixteen scans and 6-cm −1 resolution were applied in recording the spectra. Data was collected over a 4000-525-cm −1 range.
Second-order kinetic model
The adsorption-desorption of TMP is described by the second-order kinetic model based on the Langmuir sorption mechanism (Ma and Selim 1994; Zhang and Selim 2011) . The model can be described in the following equations:
where V (cm 3 ) represents the reaction volume of the reactor; m (g) is the mass of marine sediment; Q (mL min ) is the amount of TMP sorbed on sediment; q max is the maximum sorption amount; k a (L (mg min)
) are the adsorption and desorption rate coefficients, respectively; and
) is the Langmuir adsorption coefficient that can be related to binding strength. Statistical criteria used for estimating the goodness of fit of the models to the data were the coefficients of determination (R 2 ) and the root-mean-square error (RMSE):
where C obs is the observed TMP concentration at certain time t, C mod is the simulated TMP concentration at time t, n obs is the number of measurements, and n par is the number of fitted parameters. More detail information about the second-order kinetic model was described previously (Li and Zhang 2016) .
Results and discussion
Batch-type experiments
The effects of solution pH, salinity, phosphate, and nitrate on the adsorption of TMP onto marine sediments were investigated using batch-type experiments. The TMP equilibrium sorption isotherms in Fig. 1 are fit by linear model q = K d C (K d is the partition coefficient), Langmuir model (Eq. 3), and Freundlich model q = K F C n (K F is the Freundlich distribution coefficient relating to sorption capacity and n is the measure of non-linear), and the model parameters are summarized in Table 1 . In most cases, both Freundlich and Langmuir models are suitable to explain the TMP adsorption process, as shown by highR 2 values(0.956 and 1.00), which is consistent with previous studies about TMP adsorption on soils (Peng et al. 2015) or on montmorillonite (Bekci et al. 2007 ). Near linearity of TMP isotherms was demonstrated by Freundlich parameter n close to 1 (Table 1) . When the experimental condition is close to natural seawatersediment system, the n values are 0.859 and 0.983 for sediment BHB and LZB. High n values for TMP adsorption on soils have been reported by other studies (Zhang et al. 2014; Peng et al. 2015) . As shown in Table 1 were also bigger due to the higher content of organic carbon and clay in sediment BHB. Studies reported that marine sediments with higher content of clay or OC usually have high adsorption capacity for antibiotics (Wang et al. 2010a, b; Xu and Li 2010) . Furthermore, specific surface area of sediment BHB is larger because its particle size is smaller than sediment LZB, which is favorable for TMP adsorption.
Effect of pH on TMP adsorption
Solution pH can influence TMP speciation because TMP is an amphoteric molecule with two pKa values, i.e., 3.23 and 6.76. Furthermore, pH can also affect the specific and non-specific binding sites on sediment surfaces. Sorption isotherms of TMP under different pH conditions exhibited in Fig. 1a , b indicate that both sorption capacity and binding strength of TMP varied with solution pH. As the pH values increased from 6.9 to 8.1, q max first increased from 0.138 to 0.294 mg g
for sediment LZB and from 1.12 to 1.25 mg g −1 for sediment BHB, and then decreased from 0.294 to 0.130 mg g −1 for sediment LZB and from 1.25 to 0.362 mg g −1 for sediment BHB (Table 1) . Under experimental pH (6.9-8.1), both sediments carry a net positive charge and TMP mainly has two different species, i.e., zwitterion and anionic. When pH increased from 6.9 to 8.1, the mass fraction of the deprotonated (anionic) form of TMP increased accordingly and the nonionized TMP decreased. Hydrophobic partitioning and electrostatic forces were considered as the main sorption mechanisms for the non-ionized and anionic TMP, respectively. Furthermore, Xu and Li (2010) reported that electrostatic forces are stronger than hydrophobic interactions between the uncharged antibiotics and the sorbent. Therefore, as pH increases from 6.9 to 7.4, sorption of TMP increases due to the enhancement of electrostatic attraction. Decrease of TMP sorption from pH 7.4 to 8.1 might be explained by (a) mass fraction of non-ionized TMP decreases sharply which result in the attenuation of hydrophobic partitioning-type processes and (b) increasing pH toward PZCs results in decreasing positive charge on sediment surfaces and then weaken the electrostatic attraction.
Effects of phosphate and nitrate on TMP adsorption
Concentrations of phosphate and nitrate in the estuaries and coastal zones are usually high (Wade et al. 2005 ) and may impact TMP adsorption through competition for specific sites and modification of surface properties (Zhang and Huang 2011; Ford et al. 2015) . Reductions of TMP adsorption as a result of phosphate and nitrate addition are illustrated in Fig. 1c (Gimsing and Borggaard 2007) . The reasons can be ascribed to (a) the competitive adsorption of phosphate and nitrate and (b) the increase of the surface negative charge of marine sediments resulting from phosphate and nitrate adsorption.
Effect of salinity on TMP adsorption
Salinity in estuary and coastal water may vary in a large range (Sumner and Belaineh 2005) and have a great impact on antibiotic adsorption in a seawater-sediment system (Wang et al. 2010a, b; Xu and Li 2010) . Sorption isotherms of Fig. 1e , f clearly showed a negative correlation between TMP sorption and salinity. As the salinity increased from 5 to 30‰, q max decreased from 0.244 to 0.130 mg g −1 for sediment LZB and from 0.508 to 0.362 mg g −1 for sediment BHB ( (Wershaw 1986 ). Furthermore, Turku et al. (2007) reported that hydrophobic interaction between antibiotic molecules may overpower the electrostatic repulsion under high ionic strength condition, which favors aggregation of antibiotic molecules. In this case, sorption of TMP decrease at high salinity level since large aggregates are difficult to reach the sorption sites in sediment pores.
TMP adsorption mechanisms on marine sediments
Adsorption mechanisms of antibiotics on sorbents are complex and depend on the physicochemical properties of both antibiotics and sorbents. As discussed above, hydrophobic partitioning, ion exchange, and electrostatic reaction are considered as the possible mechanisms of TMP adsorption on marine sediments. To further identify the possible bonding mechanisms between TMP and sediment, ATR-FTIR analysis was conducted. The FTIR spectra of TMP, original marine sediment, and marine sediment reacted with TMP were shown in Fig. 2 , respectively, which is a good indication of replacement of interlayer anions with TMP molecules. In general, batch experiments and ATR-FTIR analysis show that combined adsorption mechanism such as hydrophobic interaction, ionic interactions, electrostatic reaction, and Hbonding might be involved in TMP adsorption processes.
Stirred flow chamber experiments
Earlier researches showed that sorption of TMP onto montmorillonite or activated carbon were quite rapid (Bekci et al. 2007; Liu et al. 2015) , which makes the batch-type approach difficult to reveal enough details about adsorption/desorption kinetics of TMP. To remedy this gap, SFC technique was used to investigate the adsorption/desorption kinetics of TMP on marine sediment at different initial concentrations. Results from the SFC experiments are shown in Fig. 3 to illustrate the changes in effluent TMP concentrations versus time.
Adsorption kinetics
As shown in Fig. 3 , the effluent TMP concentrations increase rapidly with time during adsorption process, and reach steady after about 100 min. The whole sorption process could be divided into rapid sorption stage (40 min ahead) and slow sorption stage (40 min afterward). Furthermore, a stoppedflow test was carried out and the result is shown in Fig. S2 . The TMP concentrations decreased during stop-flow events, indicating the time-dependent or non-equilibrium adsorption process of TMP. Processes causing non-equilibrium can be divided into three categories: physical non-equilibrium, chemical non-equilibrium, and intraparticle diffusion (Brusseau and Rao 1989) . Since the particle size of the sediments used in this study was less than 1 mm, effects of physical non-equilibrium will be relatively insignificant (Brusseau and Rao 1989) . That is, both chemical non-equilibrium and intraparticle diffusion may be responsible for non-equilibrium of TMP. Chemical non-equilibrium results from the rate-limited reactions (i.e., covalent-bond formation, surface precipitation, and Table 2 Optimized second-order kinetic model parameters for adsorption/desorption of TMP on marine sediments polymerization) between the sorbate and specific site on the sorbent surface (Brusseau and Rao 1989) . Intraparticle diffusion can occur in pore liquids or along pore wall surfaces. Particle size distribution and structure of sorbent as well as diffusant properties play an important role in intraparticle diffusion process.
To evaluate the rate controlling processes and reveal whether intraparticle diffusion is involved in the adsorption process, intraparticle diffusion model is applied to data of SFC experiments. The equation is expressed as
where K i is the intraparticle diffusion rate constant (mg (g min
) and C is the intercept. If intraparticle diffusion existed in the adsorption process, the plot of q t versus t 0.5 will be linear, and if the line passes through the origin, the rate controlling process is caused only by the intraparticle diffusion. As shown in Fig. 4 , the fitting curves are straight lines but do not pass through the origin, demonstrating that except intraparticle diffusion, chemical non-equilibrium may be involved in the TMP sorption processes.
The second-order kinetic model with three fitted parameters successfully reproduce the results of SFC experiments, as demonstrated by the high correlative coefficient (R 2 ) values, and the optimized model parameters are summarized in Table 2 . The simulated results show that sorption rate (k a ) of TMP on LZB and BHB were fast. The reason might be explained that TOC content of both selected marine sediments are relatively low, because earlier study demonstrated that sorbent with low organic matter content shows fast sorption rate (Pan et al. 2012 ). Table 2 clearly shows that the sorption rates (k a ) of TMP decrease with increasing of initial concentrations, which is consistent with the previous study about antibiotic adsotrption on humic acid , layered chalcogenides (Li et al. 2015) , or soils and sediments (Pan et al. 2012) . However, Huang and Weber (1998) reported that sorption rate of organic contaminants is slower for low initial concentrations when compared to higher initial concentrations, which was explained by the diffusion processes. The decreased sorption rate with increasing initial TMP concentration may suggest that diffusion was not the controlling process for TMP sorption on marine sediments. Another evidence that could prove that diffusion was not the controlling process for TMP sorption kinetics was the fact that sorption rate of TMP on sediment BHB was slower than that on sediment LZB (Table 2) . Wu and Gschwend (1986) demonstrated that large particles show a slower sorption rate than the smaller particles, because pore path length of the smaller particles was shorter, which facilitated sorbate reaching the internal sorption sites. However, the results of TMP sorption kinetics show that large particle (LZB) represents a fast sorption rate, which is inconsistent with the literature reported results. Furthermore, previous study reported that diffusion was difficult for sorbate molecule with complex functional groups (Brusseau and Rao 1991) . Meanwhile, results of TMP adsorption on activated carbon suggested that chemical sorption is much slower process compared to pore-filling .
Combining the above discussions, we could deduce that intraparticle diffusion and chemical non-equilibrium may exist simultaneously in TMP sorption processes; furthermore, chemical non-equilibrium is more predominant in the rate controlling processes. However, this does not mean that adsorption of TMP on marine sediment is dominated by chemisorption.
Desorption kinetics
Desorption results which followed adsorption are shown as effluent concentrations in the traditional manner in Fig. 3 . Effluent concentrations during desorption experiments provide the necessary results on the rates of TMP desorption and its affinity for different initial concentrations. At low initial TMP concentration, only small proportions of the adsorbed TMP were released, indicating high sorption affinity between TMP and the sediments. While at high initial TMP concentration, as the amounts adsorbed increased, the percentage of desorption for two kinds of sediments increased, indicating lower TMP affinities. The results imply that high percentage of desorption result from more adsorption amounts, which is consistent with the previous study about tetracycline desorption on marine sediments (Xu and Li 2010) . Overall, the SFC experiment shows that the amount of TMP released, as a percentage of the total sorbed, are 16.4-22.8 and 32.5-42.0% for sediment LZB and sediment BHB, respectively. The moderate release percentage contrasted with the total sorption amounts, indicating that hysteresis influenced the TMP sorption/desorption processes. The hysteresis was not surprising in consideration of the kinetic sorption behavior of TMP and was also indicative of non-equilibrium behavior of sorption mechanisms. The observed hysteresis may be related to slow diffusion and irreversible chemical adsorption.
The kinetics of TMP desorption were generally well described by the second-order kinetic model, with R 2 values ranging from 0.994 to 1.00 (Table 2 ). The goodness-of-fit results clearly show that desorption kinetic rates decrease with increasing of initial TMP concentrations. The slow desorption rate at high initial concentrations may be caused by the large adsorption extent. Furthermore, the desorption kinetic rate of TMP on sediment LZB was faster than that on sediment BHB, which may be explained by the OC content of LZB is smaller than that of BHB. Fernandez-Calvino et al. (2015) also reported that acidic soils with low OC content show a fast desorption rate as compared to high OC content soils.
Conclusion
Adsorption-desorption behaviors of TMP were investigated in combination with the batch-type and SFC experiments to evaluate its mechanisms and kinetics in the seawatersediment system. Sorption isotherms of TMP properly conformed to both the Langmuir and Freundlich models. Sediment BHB exhibited a high sorption capacity compared with sediment LZB. This is likely due to the high TOC and clay content of sediment BHB. The pH, salinity, and competing ions have great impacts on TMP adsorption processes. The effects of these factors can be explained by ion exchange, hydrophobic interaction, and electrostatic reaction mechanisms. ATR-FTIR analysis demonstrated the formation of hydrogen bond between TMP and marine sediments. The second-order kinetic model with optimized parameters successfully reproduced the effluent concentration change of TMP under different initial concentrations. Based on the fitting results of second-order kinetic model and intraparticle diffusion model, it is apparent that chemical non-equilibrium was the rate controlling process and intraparticle diffusion was also involved in adsorption. A hysteresis was observed in TMP adsorption-desorption processes and desorption rate of TMP on sediment LZB was faster than that on sediment BHB. Our research findings can be a key knowledge concerning fate and transport of TMP and other similar antibiotics in seawatersediment systems. Future study should be focused on the combined effects of environmental factors (e.g., salinity, pH, and temperature) on antibiotic adsorption/desorption processes.
